Abstract. We fit the single-particle p t spectra of identified pions, kaons, and (anti)protons from central collisions of gold or lead nuclei at energies between 7.7 and 2760 GeV per nucleon pair. Blast wave model with included resonance production and with an assumption of partial chemical equilibrium is used and the fits are performed with the help of Gaussian emulator process. Kinetic freeze-out temperature is found about 100 MeV for the lowest collision energies and 80 MeV at the LHC. The average transverse expansion velocity grows with increasing √ s N N from 0.45 to 0.65. Due to partial chemical equilibrium, the influence of resonance decays on the shape of p t spectra for √ s N N above 27 GeV is small.
Introduction
Phase diagram of strongly interacting matter can be explored with the help of heavy-ion collisions at various collision energies. The higher the collision energy, the closer is the created hot matter to baryon-antibaryon symmetry. It is the purpose of the RHIC Beam Energy Scan (BES) programme to study the dependences of various observables on the collision energy. The ultimate goal of the programme is to explore the QCD phase diagram and possibly find the critical point of the deconfinement phase transition.
Bulk evolution of the fireball is reflected in the distributions of hadrons which are emitted at the point of their kinetic freeze-out. This is the last moment of the lifetime of the fireball, after it has expanded and cooled down so that no hadrons scatter anymore. By combining information from single-particle spectra of different sorts of hadrons it is possible to reconstruct the freeze-out state of the fireball. This mainly means revealing its temperature and the transverse expansion velocity. This state is the result of previous expansion due to initial conditions and internal pressure and that, in turn, is conditioned by the properties of the matter: its Equation of State and the transport coefficients. Thus-in principle-the knowledge of the final state allows to deduce previous evolution and the properties of the matter.
It is then interesting to study the freeze-out state for different collision energies and observe how it changes when the energy is varied.
In this paper we fit the single-particle spectra of pions, kaons, and (anti)protons from central Au+Au or Pb+Pb collisions in the energy range √ s N N = 7.7 to 2760 GeV.
We use the blast wave model with included production of resonances. The novelty of our approach is in consistent treatment of the fireball at lower temperature which takes into account the partial chemical equilibrium. This develops if the chemical composition freezes out at hadronisation but the fireball still stays together. In practice the consequence is that although the effective numbers of final state hadrons are constant, the production moves away from decays of resonances to larger portion of hadrons being produced directly.
The inclusion of resonances is computationally very involved (although note the result from [1] which makes it more effective). Therefore, we use DRAGON-a Monte Carlo generator of the final state hadrons-in order to find the best theoretical model [2, 3] . The Bayesian fits then use Gaussian process emulator for the Markov Chain MC procedure of looking for the best model parameters [4] .
There are other similar analyses published in the literature. First of all, the spectra are usually fitted by the experimental collaborations which measure them. ALICE has measured and fitted their p t spectra from Pb+Pb collisions at √ s N N = 2.76 GeV in their original publication [5] . In these fits, however, only directly produced hadrons are taken into account and no resonance decays. The same is true for Au+Au collisions at all lower energies studied here, which were measured and fitted by the STAR collaboration [6, 7] . We have fitted the spectra from ALICE in [8] with the model used here, but without the assumption of partial chemical equilibrium. These spectra have also been fitted in [9, 10] with the help of the Cracow single freeze-out model [11, 12] with chemical nonequilibrium. The single freeze-out model has been augmented with sample averaging over events with varying temperature in [13, 14] and fitted to the same data. The blast wave model has been fitted to single-particle distributions from nuclear collisions in a wide interval of collision energies in [15] . There are slight differences to our present treatment, however: that source is cut-off in space-time rapidity, and the composition of resonance contributions is taken according to chemical equilibrium. In [16] the spectra are fitted with a two component blast-wave model, which, however, misses the resonance contribution completely.
Just a few days before finishing this manuscript a similar paper appeared, in which the spectra from ALICE are fitted with the blast-wave model [17] . Resonance decays are included there with the help of a new treatment introduced in [1] .
Our results show that the fireball freezes out at lower temperature and stronger transverse expansion if the collision energy is increased. In addition to that, we also show that for higher collision energies thanks to the low temperature and the partial chemical equilibrium the spectra with full resonance production are very similar to those calculated for only directly produced particles.
This paper is structured as follows. In the next Section we explain the model. Section 3 deals with the introduction of data which are analysed. In Section 4 we present our main results on the temperature and transverse flow and in Section 5 we discuss in detail the individual contributions to the spectra from the decays of different resonances. Some semi-quantitative estimates of the p t dependence of these contributions are deferred to Appendix A. We conclude in Section 6.
The model
The theoretical model used in our analysis is based on the well-known blast wave model [18, 19, 20, 21, 22, 23, 24, 25, 26, 27] . The model is formulated with the help of its emission function, which is the Wigner function. For hadrons of the type i it reads
(
Usually, longitudinal flow dominates the fireball expansion in ultrarelativistic heavy-ion collisions. Therefore, one uses longitudinal proper time τ = √ t 2 − z 2 and space-time rapidity η = 1 2 ln((t+z)/(t−z)). In the transverse plane, polar coordinates r, ϕ are used. Furthemore, T is temperature, m t transverse mass and µ i chemical potential. We use the proper quantum statistical distributions with s i = 1 (−1) for fermions (bosons) and g i is the spin degeneracy. Every isospin state is treated separately. The freeze-out time does not depend on radial coordinate, but it does depend on the longitudinal coordinate implicitly via τ = τ 0 , i.e. t = τ 2 0 + z 2 . Density is distributed uniformly within the radius R.
The expansion of the fireball is represented by the velocity field
where the transverse velocity is such that
In this relation η f parametrises the transverse flow gradient and n the profile of the transverse velocity. The mean transverse velocity is then
This parametrisation of the transverse velocity is taken to be the same as in [1, 5, 6, 7] . The transverse size R and the freeze-out proper time τ 0 influence total normalisations of transverse momentum spectra. These parameters also influence the sizes of the HBT radii. A fit which obtains R and τ 0 should thus also take into account the data on HBT radii. Due to computational complexity of such a problem we choose not to embark on this way and remain without the sensitivity to these geometrical parameters.
From the emission function, one obtains the single-particle spectrum of directly produced hadrons as
where the integration runs over the whole freeze-out hypersurface. If one replaces the quantum-statistical distribution in eq. (1) by the classical Boltzmann distribution and performs some of the integrations in eq. (5), one arrives at
This formula is rather easy to evaluate and thus it is often used in the spectra fitting. Resonances are emitted as described by the emission function in eq. (1) and then decay exponentially in time with the mean lifetime given by the inverse of the resonance width. All matrix elements for the decays are assumed to be constant and thus the decay is determined by the phase-space only. We include baryon resonances up to the mass of 2 GeV and mesonic resonances up to 1.5 GeV. An analytical expression for the calculation of the spectra from resonance decays has been derived [20] , but it is too cumbersome for frequent evaluation within a fitting routine ‡. Therefore, we use DRAGON for theoretical simulation of the single-particle spectra [2, 3] . This is a Monte Carlo event generator, which produces hadrons (including resonances) according to the emission function (1) .
For the contribution from the resonance decays it is also necessary to specify the abundances of every individual resonance species. The final state composition is measured and it is usually found to be in good agreement with the Statistical Hadronisation Model (SHM), which assumes chemical equilibrium with chemical freezeout temperature T ch . However, our results will indicate that the fireball freezes-out kinetically at T = T kin much lower than T ch . At the chemical freeze-out, inelastic collisions become rare and the system gets out of the full chemical equilibrium. Nevertheless, since the abundances of final state stable species are fixed, each species develops a nonzero temperature-dependent chemical potential µ i . At this phase interactions still maintain the partial chemical equilibrium between lowest state stable hadrons and resonances through which they interact [28] . Also, elastic collisions keep the local thermal equilibrium until the fireball freezes out completely.
Indeed, not all inelastic collisions drop out below T ch . For example, ρ ↔ ππ process remains fast enough to regenerate ρ resonances and, as a consequence, neither the pion number N π , nor the ρ number N ρ is fixed, but rather their combination N π + 2N ρ . The number N ρ continually drops with the temperature decrease while N π increases until they are finally fixed at T kin . The complete picture includes all resonances in partial equilibrium with their decay products so that their chemical potentials µ R are given by ‡ Note here, however, that after we finished our fits, a new treatment has been proposed [1] which should allow for the evaluation of spectra including resonance decays without the need of Monte Carlo simulations. the sum of those of the stable decay products µ i multiplied by the effective numbers of stable hadrons i produced on average from a decay of a resonance R [28]
Resonances are then let to decay so that in the end we look only at stable hadrons. In our calculation, the stable species with their own chemical potentials are:
As an example, temperature dependences of the chemical potentials for positive pions, kaons, and protons are shown in Fig. 1 for different collision energies from the RHIC BES program and the LHC. They were evolved from the temperature of chemical freeze-out towards lower temperatures using methods derived in [28] . The evolutions always start at the highest temperature in the state of chemical equilibrium. Thus, e.g., protons start with µ p = µ B at T ch , positive kaons start with µ K = µ S , and pions start with µ π = 0 (since we neglect the isospin chemical potential). The initial values for T ch , µ B , and µ S for each collision energy have been taken from [6, 7, 29] . They are summarised in Table 1 . These values were found to reproduce the ratios of hadron multiplicities and we keep them in order to satisfy that observation. Note that shifting these values slightly does not cause a big change in the shape of the transverse momentum spectra.
The calculated chemical potentials as functions of temperature were tabulated and read in to DRAGON which used them in the simulations.
Data and method
We fitted the transverse momentum spectra of (anti)protons, pions and kaons from the most central heavy ion collisions measured by STAR and ALICE collaborations:
• Au+Au at √ s N N = 7.7, 11.5, 19.6, 27, and 39 GeV [6] ,
• Au+Au at √ s N N = 62.4, 130, 200 GeV [7] ,
For √ s N N = 130 GeV the most central collisions are defined as 0-6%, for all other remaining energies as 0-5% of the total cross section.
The fitted intervals vary with energy and particle species. The upper value of p t was set to 2 GeV for √ s N N in the range 7.7 − 39 GeV (for these energies this was also the upper end of the measured p t range) and for ALICE spectra, in order to remain in the region sensitive to collective effects and free of hard scattering processes. For √ s N N in the range 62.4 − 200 GeV, the published p t spectra reach only to about 0.7 − 1.1 GeV, depending on the species.
The lower end of the fitted intervals coincides with the lower end of the measured p t range, ranging from p t = 0.1 GeV to p t = 0.4 GeV depending on the collision energy and the species. The only exception (to be discussed in the next section) are the ALICE pion p t spectra -the data start at p t = 100 MeV while the fit starts at p t = 250 MeV.
For data fitting we have used the MADAI statistical analysis package [4, 30, 31, 32] . Theoretical spectra were generated with the DRAGON package described in the previous section. The number of generated events was set to a value which guaranteed that the Monte Carlo statistical error was smaller than one third of the combined experimental error in the given p t bin for every bin and every particle species. This number was thus actually set by antiprotons. The DRAGON spectra were generated typically in 400 training points in the three-parameter space (freeze-out temperature T , transverse flow 156.0 0.0 0.0 gradient η f , profile of the transverse velocity n). The typical run-time for one training point is 30 min to 5 hours depending on the number of events. Then the spectra were normalised to match the normalisation of the measured spectra, species by species, i.e. six independent normalisations. The essence of MADAI is the Markov Chain Monte Carlo exploration of the parameter space weighted by the posterior probability, or likelihood for a particular point T, η f , n to represent the correct parameters given the experimental observations. The likelihood for points other than training points is not calculated from DRAGON (which is time consuming) but rather estimated from the Gaussian-Process based emulator trained on the training points. The output of MADAI is the best fit point in our three-parameter space. The uncertainties and correlations among parameters can be displayed as two-dimensional projections of the posterior distribution. As a final step (and a cross-check of MADAI) we calculated the χ 2 value at the best fit point.
Results
The main results of this paper, the energy dependence of the freeze-out temperature T , transverse flow gradient η f , profile of the transverse velocity n, and the mean transverse velocity v t = 2η f /(n + 2), are shown in Fig. 2 . Three sets of results are plotted: the full results obtained from fits to p t spectra up to 2 GeV which include the contribution from the resonance decays (solid red circles), results from fits to p t spectra up to 2 GeV without the resonance contribution (blue squares) and finally results from fits to short (cut down) p t spectra up to ∼ 1 GeV which match shorter p t intervals for √ s N N = 62, 130, 200 GeV with the resonance contribution included (empty black circles). For the full results we summarize the corresponding numerical values of T, η f and n together with the χ 2 /n dof value in Table 2 . Table 2 : Parameters of the best fits for different energies. These parameters were used also for the calculation of the resonance composition of the transverse momentum spectra. The freeze-out temperature decreases from T ∼ 100−104 MeV at the lowest energies to T ∼ 75 − 80 MeV at the highest energies. There is a little jump between √ s N N = 39 and 62.4 GeV (full results, solid red circles), which is most likely due to the difference in the p t range. Indeed, once the p t intervals are matched (empty black circles), the jump is suppressed. The effect of resonances is negligible at high energies while at the lowest energies they induce an upward shift in the temperature of the order of 10 MeV. As we will see in the next section, this is caused by the lower population of particles from resonance decays and also by their uniform p t distribution at high energies.
The transverse flow gradient increases from η f = 0.62 at √ s N N = 7.7 GeV to η f = 0.90 at √ s N N = 2760 GeV. The effect of resonances is again significant only at the two lowest energies. The profile of the transverse velocity n is the least sensitive parameter but one might conclude that it is roughly consistent with a constant value n ∼ 0.75 once the lower energies are cut down to the short p t range. The mean transverse velocity increases with energy from v t = 0.45 to v t = 0.65. In Fig. 3 two-dimensional projections of the posterior distribution are plotted for a) √ s N N = 7.7 GeV and b) √ s N N = 2760 GeV. We can see the uncertainty region around the best fit parameters and also the correlation/anticorrelation among the parameters. For example, the temperature and the transverse flow gradient are anticorrelated in the sense that a slight decrease of T can be compensated by an increase of η f with little effect on the quality of the fit. Also illustrated is a larger uncertainty of the best fit for √ s N N = 7.7 GeV, driven by the experimental errors (this is true also for √ s N N in the range 11.5 − 39 GeV). The simulated transverse momentum spectra of p, π + and K + , corresponding to the best fit parameters (full results in Fig. 2 and Table 2 , is shown as data points with errors in the lower panels. The general quality of the fits for all energies, particle species and the whole p t range is violated by the low p t pions at √ s N N = 2760 GeV where Monte Carlo underestimates the data (the first six p t bins were excluded from the fit in this case). There are at least two effects, both included in our simulation, which help populate this p t region: pions originating from the resonance decays and the nonzero pion chemical potential ∼ 100 MeV. We note that this disagreement with the data can be explained within the context of chemical non-equilibrium version of the statistical hadronization model [9] . Note, however, that the enhancement of the pion spectrum at low p t may well be caused by a specific shape of the freeze-out hypersurface in which the matter at larger distance from the longitudinal axis of the fireball freezes-out later than the matter in the middle.
Anatomy of the spectra
An important part of the final state hadrons comes from the decays of resonances. We have looked at the composition of the p t spectra-how does the origin of all observed pions (kaons, protons) depend on p t ? Results for four chosen energies, √ s N N = 7.7, 11.5, 27, 200 GeV, are plotted in Figures 7, 8 and 9 . The values of parameters used in calculations of these figures are summarised in Table 2 .
We observe some systematics connected with the change of the collision energy:
(i) The fraction of resonance-produced hadrons decreases as the collision energy goes up. This may seem surprising at the first sight. However, this behaviour is connected with the scenario of partial chemical equilibrium. The share of resonance production is high at the moment of the chemical freeze-out. Afterwards, however, the temperature decreases and even though chemical potentials develop for all resonance species, the weight of particle production moves from resonances towards directly produced particles.
(ii) At lower collision energies the resonances populate more the low p t interval while at 200 GeV the share of resonance production seems to be rather flat as function of p t . This change is actually gradual. A closer inspection reveals that the feature is mainly brought in by the ∆ resonance. Its decay happens closely above the threshold, so that daughter particles do not acquire high momentum. In combination with small transverse expansion velocity this causes that pions from such decays stay at low p t . (A similar argument applies for kaons from the decay of φ.) Let us also stress that at lower energies the contribution from baryon resonances (most importantly ∆) to pion production is more important than at higher energies. A semi-quantitative discussion of this feature is presented in Appendix A.
Conclusions
Our results clearly show that with the increase of the collision energy the fireball develops stronger transverse expansion and cools down further. The former feature is well expected. The latter decrease by more than 20 MeV in temperature can also be understood: more energy and entropy is deposited which expands to a larger volume. At larger volume the local (longitudinal) flow gradients are smaller and so is the expansion rate. Thus, also the interaction rate at the freeze-out drops lower, and so does the Although the excitation function of the freeze-out temperature seems to show a sharp step between 39 and 62.4 GeV, it would be premature to make any conclusions out of this. The feature may be connected with the different coverage of p t intervals in the different data sets.
It is interesting to observe that the results obtained with the full model with resonances coincide with those obtained with only directly produced hadrons, i.e. basically just with fitting the formula (6). This is seen for all but the two lowest collision energies. It is crucial here that the partial chemical equilibrium was assumed, as a consequence of the cooling of the fireball between the chemical and the thermal freezeout. The cooling is most pronounced at high collision energies where the temperature drops from about 160 MeV to some 80 MeV, i.e. by 80 MeV. In contrast to that, at √ s N N = 7.7 GeV it went down only by roughly 40 MeV between 144 and 102 MeV. In view of these numbers it is clearly understood that the influence of resonances becomes less important at high energies.
We hoped originally that we would be able to fit the low p t enhancement of the pion spectra at the LHC, since pions develop chemical potential about 90 MeV at the kinetic freeze-out temperature. Note that a successful fit was obtained with the non-equilibrium Cracow single freeze-out model § with a possible admixture of pion condensation [33] . Nevertheless, the enhancement may also be caused by a specific shape of the freeze-out hypersurface used in [33] which corresponds to an inside-out freeze-out in transverse direction [34] . Such features have never been explored in blast-wave-like fits and this opens a question whether it is worth studying. The least well determined parameter of the model is the exponent n. It might be consistent with a constant value if the cuts on spectra are applied, but the full experimental results seem to indicate that it decreases as the √ s N N grows. This may be purely kinematically determined feature. The transverse velocity profile of eq. (3) is constructed so that it never grows above 1. At this point, relativity kicks in. As the matter is locally boosted to a higher transverse velocity, then due to the Lorentz transformation of the velocity into the global frame the dependence v t (r) begins to level off. The concave dependence in our model is parametrised by n with values smaller than 1. We do not want to conclude without mentioning the results of [17] which appeared just days before the submission of our paper. Apparently, spectra from the ALICE experiment have been fitted there with the same model as we used here, but the resonance contribution has been determined with the help of a novel method [1] that avoids MC simulations. At √ s N N = 2.76 TeV their result in the partial chemical equilibrium in central Pb+Pb collisions is T = 127 ± 2 MeV. Presently, we do not have an explanation for this difference. To the extent we can judge from [17] , the only difference is, that the lists of stable species in the partial chemical equilibrium there and in our work are different. It will be important and interesting to sort out this tension in the near future.
In this paper we presented results of a pilot study where only data from central collisions have been fitted. A more comprehensive study which will also include the centrality dependence is being elaborated and will be published later. Let us now estimate the typical p t scale which can be reached by pions from ∆ decays. We do this for two values of √ s N N , the lowest and the highest RHIC energy.
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The transverse expansion velocity at the edge of the fireball is 0.62, and the γ factor is then 1.275. Suppose a ∆ resonance moving with this velocity. In order to estimate the maximum p t a pion can obtain from a ∆-decay, suppose the pion from this ∆ moves in the same direction. According to eq. (A.2) it acquires the p t of 500 MeV. On top of this the ∆ also moves with random thermal velocity about 0.37 in the fluid rest frame. This velocity is directed randomly, so it will boost some pions to higher p t and some to lower p t . We conclude that pions from ∆ decays will die out at p t of about 500 MeV.
